Abstract Bone matrix mineralisation plays a critical role in the determination of the overall biomechanical competence of bone. However, the molecular mechanisms of bone matrix mineralisation have not been fully elucidated. We used a proteomic approach to identify proteins and genes that may play a role in osteoblast matrix mineralisation. Proteomic differential display revealed a protein band that appeared only in mineralising mouse 7F2 osteoblasts. In-gel protein digestion and mass spectrometry proteomic analysis of this protein band identified 16 proteins. Furthermore, their corresponding transcripts were upregulated. This identification of proteins that may be associated with bone matrix mineralisation presents important new information toward a better understanding of the precise mechanisms of this process.
Introduction
Osteoporosis is characterised by low bone mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to fracture.
Besides bone mass and microarchitecture it has become evident in recent years that bone mineral and matrix tissue properties play a pivotal role in the overall mechanical competence of bone [1] . Bone matrix mineralisation is an important determinant of the stiffness and hardness of the bone material [2] . Osteoblasts undergo proliferation and maturation that leads to the accumulation and mineralisation of the extracellular matrix (ECM) in the form of hydroxyapatite [3] . Transcriptional control of osteoblast growth and differentiation is tightly regulated both temporally and spatially [4] . Some factors, such as mineralbinding-extracellular matrix proteins and proteoglycans, mineralisation-inhibiting proteins and matrix-vesicles [3] are known. However, very little is still known about the molecular control of bone matrix mineralisation. An enhanced understanding of the regulatory mechanisms underlying bone matrix mineralisation may provide the means to manipulate this process for therapeutic benefit. The use of gene microarrays has recently offered some insight into the global patterns of gene expression in osteoblast matrix mineralisation in vitro [5] , as well as osteoblast and osteoclast regulation [6] . However, protein levels depend not only on the levels of the corresponding mRNA but also on a host of translational controls and regulated degradation [7] . Thus proteomics, which allows a holistic view of complex biological processes in the postgenomic era, was employed to identify proteins and genes that may play a role in osteoblast matrix mineralisation.
plates and were maintained in Minimum Essential Medium Eagle alpha modification (αMEME) containing 1 mM sodium pyruvate, 2 mM L-glutamine and 10% FBS. For osteoblast matrix mineralisation, cells were induced with osteogenic medium for three weeks. Induced and noninduced cells were collected after three weeks of induction.
Detection of matrix mineralisation
Cells were fixed and stained with 1% alizarin red (pH 4.1) for 20 min followed by extensive washing with water to remove the unincorporated dye. Osteocalcin (OST) is an osteoblast matrix mineralisation marker expressed at the transition to osteocytes [8] . OST expression was assayed by real-time RT-PCR using the following forward and reverse primers: 5' gct tgg ccc aga cct agc aga c 3'; 5' cca aag ccg agc tgc ca gag 3'.
Polyacrylamide gel electrophoresis
Proteomic differential display was used to analyse mineralising osteoblasts. Cells were collected by scraping in PBS and resuspended in CyQuant® cell lysis buffer (Invitrogen). The cells were then subjected to three cycles of freeze and thaw and centrifuged at maximum speed (13 krpm). The clear lysates were collected, evaluated and used for electrophoresis. Then gels were stained with Coomassie brilliant blue, destained and imaged on a flatbed scanner.
Proteomic analysis
The protein band (D1525) was excised from the gel and sent to the Children's Hospital Boston Proteomic Research Facility for protein identification according to standard protocols.
Total RNA extraction and mRNA purification
To have enough RNA, cells from three wells were homogenised together in TRIzol® (Invitrogen), mixed with chloroform, and RNA was precipitated with isopropanol. After quantification, the RNA integrity was checked by agarose gel electrophoresis. Total RNA from three different experiments were pooled together before mRNA purification to get enough mRNA for reverse transcription. Oligotex® (Qiagen), mRNA purification reagent, was used to purify mRNA from total RNA according to standard protocols.
Reverse transcription of mRNA and quantitative real-time RT-PCR RETROscript™ (Ambion), first strand synthesis kit, was used to reverse transcribe the mRNA to cDNA according to standard protocols. Real-time quantitative reverse transcription polymerase chain reaction (RT-PCR) was used to evaluate mRNA as previously described [9] Table 1 lists gene specific primers. Levels of GAPDH transcript proved to be stable under the experimental trials; therefore, it was selected as a reference gene. Relative Expression Software Tool (REST©) was used to analyse mRNA expression levels (C t values) [10] .
Western blotting
At transcriptional levels, nucleobindin 1 was the most upregulated and calreticulin was one of the low upregulated genes. Therefore, western blotting was used to evaluate their protein expression levels. The antibody for calreticulin was purchased from Abcam (Cambridge, MA), nucleobindin 1 antibody was from Protein Tech Group Inc. (Chicago, IL) and β-actin antibody from Ambion.
Results

Detection of matrix mineralisation
Alizarin red staining of differentiating osteoblasts revealed visible matrix mineralisation at three weeks after induction (Fig. 1) . Osteocalcin (OST), an osteoblast matrix mineralisation marker expressed in mineralising osteocytes, was upregulated 1.9-fold in induced versus non-induced osteoblasts (Fig. 2) .
Gel electrophoresis and proteomic analysis
Proteomic differential display of differentiating osteoblasts and whole cell lysate revealed a protein band (D1525) of about 60 KDa that appears only in induced mineralising osteoblasts (Fig. 3) . In-gel protein digestion and mass spectrometry proteomic analysis of this protein band identified 16 proteins (Table 2 ).
Gene transcription profiling
Sybr green I real-time RT-PCR was employed to evaluate the transcriptional levels of the predicted 16 genes at the osteoblast mineralisation phase (three weeks after induction 
Western blot analysis
Western blotting was used to evaluate protein expression levels of nucleobindin 1 and calreticulin. Figure 4 shows that calreticulin and nucleobindin1 are upregulated in mineralising osteoblasts at protein levels, which confirms the real-time PCR results.
Discussion
Proteomic profiling provides an efficient method to determine protein candidates and elucidate the signalling transduction pathways in the process of osteoblast matrix mineralisation. Therefore, we used proteomic differential display and mass spectrometry to identify proteins that may be involved in osteoblast matrix mineralisation. Three of the 16 genes identified in this study (vimentin, calreticulin and lamin a/c) have been noted to have biological functions in osteoblast differentiation. The roles of the other thirteen proteins in osteoblast matrix mineralisation are poorly understood. Nucleobindin 1 (Nucb1), a multifunctional Ca 2+ binding protein [11] , interacts with nucleic acids and regulatory proteins in several signalling pathways [12] . Although Nucb1 is linked to Ca 2+ homeostasis, its functions are largely unknown [13] . Transketolase (Tkt) activity requires divalent metal ion and thiamin diphosphate. It controls the non-oxidative part of the pentose phosphate pathway [14] . Tkt was among the 52 upregulated proteins responsible for the differentiation of mesenchymal stem cells into osteoblasts [15] . Coronin 1b (CRN1b) is an actin binding protein, which has been involved in a variety of cellular processes that include fibroblast migration [16] .
Protein disulfide isomerase associated 3 (Pdia3), a Ca 2+ binding and storage protein, resides in the endoplasmic reticulum [17] . It forms a complex with αVβ3 integrin to mediate cell adhesion [18] . Phosphoenolpyruvate carboxykinase 2 (PCK2) is a gluconeogenic enzyme involved in glyceroneogenesis [19] . PCK2 is expressed in a variety of human tissues including liver, fibroblasts, intestines, pancreas and kidneys [20] . Prolyl 4-hydroxylase α1 (P4ha1) plays a role in collagen biosynthesis [21] , while prolyl 4-hydroxylase α2 (P4ha2) plays a major role in collagen triple helix stabilisation [22] . Type 2 pyruvate kinase (PKM2) modulates glucose metabolism [23] . Phosphoglucomutase 1 (PGM1) is a regulatory enzyme in glucose metabolism and energy homeostasis [24] . High density lipoprotein (Viglin) is an RNA binding protein localised to the cytoplasm and nucleus. Vigilin is expressed in cartilage and bone forming cells as chondrocytes and osteoblasts [25] . Phosphoglycerate kinase 1 Fig. 4 Western blotting analysis. Lane A Non induced. Lane B Induced osteoblasts after three weeks (Pgk1) is expressed in developing tooth and plays a role in tooth germ development [26] . Lysyl-tRNA synthestase (KARS) is a regulator of microphthalmia-associated transcription factor (MITF) transcriptional activities [27] . Endoplasmin (GRP), a glucose regulated protein of 94 kDa (Grp94), resides in the endoplasmic reticulum and has effects on cellular Ca 2+ storage [28] . Our identification of proteins that may be associated with bone matrix mineralisation presents important information leading to a better understanding of the precise mechanisms of biomineralisation and may provide the means to manipulate this process for therapeutic benefit.
